Abstract. Anthropogenic fires affected the temperate deciduous forests of Central Europe over millennia. Biomass burning releases carbon to the atmosphere and produces charcoal, which potentially contributes to the stable soil carbon pools and is an important archive of environmental history. The fate of charcoal in soils of temperate deciduous forests, i.e. the processes of charcoal incorporation and transportation and the effects on soil organic matter are still not clear. We investigated the effects of slash-and-burn at a longterm experimental burning site and determined soil organic carbon and charcoal carbon concentrations as well as the soil lightness of colour (L*) in the topmost soil material (0-1, 1-2.5 and 2.5-5 cm depths) before, immediately after the fire and one year later. The main results are that (i) only a few of the charcoal particles from the forest floor were incorporated into the soil matrix, presumably by soil mixing animals. In the 0-1 cm layer, during one year, the charcoal C concentration increased only by 0.4 g kg −1 and the proportion of charcoal C to SOC concentration increased from 2.8 to 3.4%; (ii) the SOC concentrations did not show any significant differences; (iii) soil lightness decreased significantly in the topmost soil layer and correlated well with the concentrations of charcoal C (r=−0.87**) and SOC (r=−0.94**) in the samples from the 0-5 cm layer. We concluded that Holocene biomass burning could have influenced soil charcoal concentrations and soil colour.
Introduction
Palaeobotanical records indicate that anthropogenic fires were common in the past and might have been deliberately used for hunting, herding or farming. Fire-clearance husbandry, or slash-and-burn, was used for landscape management and agriculture from the prehistoric Mesolithic until the modern 19th century and thus may have affected the global carbon cycle during the last 10 000 years (Anderson, 1994; Pyne, 1994; Carcaillet et al., 2002; Tinner et al., 2005) .
Anthropogenic burning had the highest impact on the landscape during the Late-Neolithic (3500-2200 BC) when the natural landscape of Central Europe was transformed into a cultural landscape, and new regions were able to be colonized using the fertilizing and clearing effects of burning (W. Schier, personal communication; Lüning, 2000; Kalis et al., 2003) . The first evidence for Neolithic agricultural burning came from Northern Germany and Denmark where burning accompanied the transition from Mesolithic to Neolithic agricultural techniques since 4000 BC (Iversen, 1941; Kalis and Meurers-Balke, 1998) . Clark et al. (1989) reported that farmers in Late to End Neolithic (4400-2200 BC) used fire to transform forest into arable land. Shifting cultivation with slash-and-burn was proposed by Rösch (1993 Rösch ( , 2000 for the pre-alpine lowlands during the Late Neolithic period (4300-3500 BC). Charcoal records from the Swiss midlands and alpine regions suggested that the burning of forest to gain arable land or meadows occurred not only in Neolithic but also in Bronze and Iron Age (Gobet et al., 2003; Tinner et al., 2005) . Fire-fallow silviculture has been used until modern times, e.g. in the Black Forest to encourage oaks for tannic acid (Goldammer et al., 1997) or in Southern Switzerland to enhance the cultivation of chestnut trees (Conedera et al., 2004) . Biomass burning releases an estimated 2.5 Pg atmospheric carbon per year (van der Werf et al., 2006) . Vegetation fires also produce charcoal or black carbon, which are part of a continuum of material generated during incomplete combustion of biomass (Kuhlbusch, 1998) . Although recent investigations have shown that microbes can degrade black carbon (Hamer et al., 2004; Hockaday et al., 2006) , it still contributes to the slow carbon pools in soils (Skjemstad et al., 2004) . Biomass burning could affect the soil carbon stocks, as modelled for the boreal system (Harden et al., 2000) but field observations and experimental studies are rare and have been conducted mainly in savannah, tropical or boreal forests (Forbes et al., 2006) . Long-term observations, after burning, have revealed all possible variations: either no changes in soil organic carbon stocks (Roscoe et al., 2000; Dai et al., 2005) , a reduction (Bird et al., 2000) or an increase (Ojima et al., 1994) . However, the data about soil carbon and charcoal and their dynamics in the soil profile after a fire is limited and to our knowledge no quantitative assessment has been attempted in temperate deciduous forests (Preston and Schmidt, 2006) .
The condensed aromatic structure of charcoal or black carbon allows charcoal particles to persist in soils and other sedimentary records over millennial time-scales and makes it possible to reconstruct environmental history and past forestfires (Patterson III et al., 1987; Willis and van Andel, 2004; Wang et al., 2005) or to infer pedological processes (Carcaillet et al., 2006) . The interpretation of soil charcoal data needs an understanding of the taphonomical processes that affect charcoal particles but uncertainties still remain related to charcoal transport following a fire or charcoal burial and mixing within a soil profile.
Burning has an effect on soil colour; recent work has shown that the content of aromatic carbon, a carbon species which dominates the black carbon structure, correlated significantly with soil lightness (Spielvogel et al., 2004) and that black carbon might be responsible for the dark colour of Chernozem humus horizons (Schmidt et al., 2002) . Onethird of the organic matter of fossil dark soil horizons embedded in lighter Haplic Luvisols consisted of black carbon derived from Holocene anthropogenic burning (Gerlach et al., 2006) .
In this study, we investigated the influence of slash-andburn in a temperate deciduous forest on soil organic carbon budgets as part of an experimental burning in Forchtenberg (SW-Germany; Rösch et al., 2002) . The same experiment delivered data about the conversion of biomass fuel to charcoal during a slash-and-burn and the amount of charcoal left in the litter layer (Eckmeier et al., 2007) .
Our main research questions in this study were: (i) How much of the charcoal produced during one fire (slash-andburn) do we find in the soil mineral matrix after one year? (ii) Are the total soil organic carbon concentrations affected by the fire? (iii) Does the soil colour change and does it correlate with the soil charcoal carbon and soil organic carbon concentrations?
Materials and methods

Site description and burning technique
The burning took place in October 2004 on a trial site located near Forchtenberg (SW-Germany; 49 • 16 ′ N, 09 • 28 ′ E) on a slightly sloping (2-4%) and south-exposed plain (320 m a.s.l.). Mean annual temperature is 8.9 • C, mean annual precipitation is 849 mm. On the day of burning the average temperature was 18.4 • C and the average relative humidity was 71%.
The 3.5 ha area is situated in a temperate deciduous forest dominated by Fagus, Acer and Carpinus . The undergrowth species are characteristic for a woodruff-beech forest (Galio-Fagetum). The area has been forested for at least two centuries; the trees are about 40 years old. The soil is an acidic Haplic Luvisol (WRB-FAO) with partly stagnic properties (Table 1) . We investigated the changes in soil organic carbon and charcoal carbon concentrations of the topsoil material (Ah, 0-16 cm depth), which is followed by an eluviation horizon (E), an argic horizon with hydromorphic features (Bt), a cambic to argic horizon (Bvt) and a cambic horizon (Bv). The parent material is loamy loess over Triassic sandstone. Soil moisture was 30 vol. % on the day of burning.
After the trees were cut on a plot of 30×30 m (April 2004), the trunks and large branches (diameter >10 cm) were removed from the site. The smaller branches were allowed to dry over the summer. In autumn (October 2004) an area of 11×8 m was burnt. The dried wood was collected into a pile off the burning site and a row on the burning site. The wood in the row was ignited and drawn over the ground using long hooks for pulling and permanently supplemented with wood from the pile. This technique was applied to completely burn the grass and herbaceous vegetation and to distribute the charcoal and ash as homogeneously as possible. The temperatures in the soil during the burning were monitored at soil depths of 1, 2, 5 and 10 cm using six temperature p-values refer to control samples. 1 calculated with average C concentration (775 g kg −1 ) of charcoal particles in the litter layer (Eckmeier et al., 2007) ; 2 weighted average; 3 when normalized to the bulk density, the charcoal C concentrations change only in the bottom layer of the burnt 1yr sample set.
loggers. The maximum temperature measured was 72 • C at 1 cm depth.
Soil sampling and analyses
Soil samples were collected in a random sample design in plastic tubes (6×4×15 cm) from the topsoil: 20 samples before burning (control), 20 samples immediately after the burning (burnt) and 20 samples one year after burning (burnt 1yr). They were cut into three depth intervals (0-1, 1-2.5, 2.5-5 cm) and dried at 40 • C for 24 h. The aggregates were crushed and coarse material (roots and charcoal particles) >2000 µm was separated by sieving. Sub-samples were ground for carbon analyses. Total carbon concentrations were determined for all soil samples by dry combustion via an elemental analyzer (Elementar VarioEL). The values for total organic carbon corresponded to the total carbon content because the soil samples did not contain carbonates.
The analysis of charred material in the soil samples was performed using mid infrared -Fourier transformed infrared spectroscopy (MIR-DRIFT; Viscarra Rossel et al., 2006; Janik et al., 2007) . Samples were ground and measured directly and the spectra obtained were fitted with the calibration sample set (data collection CSIRO Land and Water, Adelaide). The soil properties were subsequently predicted using partial least-squares (PLS) analysis. For charcoal carbon concentrations the method reached a high correlation of R 2 =0.86.
The soil colour was expressed as lightness (L*; Commission Internationale de l'Eclairage, CIE 1976 Standard Observer). The L* values indicate the extinction of light on a scale from L* 0 (absolute black) to L* 100 (absolute white). The soil samples were measured in triplicate using a photo spectrometer (Dr. Lange spectro-color) by observing the diffused reflected light under standardised observation conditions. We used dried and homogenized but not ground samples because grinding the soil material would increase the soil lightness (Torrent and Barrón, 1993) .
For micromorphological analysis, undisturbed soil samples were collected with Kubiëna tins (8×6×4 cm). The blocks were air dried, impregnated with Palatal P80-21 polyester resin (BASF) and sliced into 75×55×0.3 mm thinsections. The sections were described at 12.5-400× magnification under a petrological microscope. Detailed principles and methods used for micromorphological analysis have been described by Stoops (2003) .
Data was statistically analysed using the KolmogorovSmirnov test for normal distribution. Because the data is not normally distributed, the Wilcoxon test was applied to compare paired samples, and the Spearman correlation (Sigma 2-tailed) to express significant correlations.
Results and discussion
Incorporation of charcoal from the forest floor into the soil mineral matrix
The charcoal carbon (C) concentrations decreased significantly with depth in all sample sets (p=0.000-0.004), as shown in Table 2 . Immediately after the burning, 0.1 g kg −1 charcoal C had been added into the 0-1 cm layer from the charcoal laid upon the surface. One year after the experimental burning, charcoal C concentrations in the 0-1 cm depth had increased by 0.4 g kg −1 . On the other hand, the charcoal C concentrations decreased in the 2.5-5 cm depth interval, which gave a constant charcoal C concentration throughout the top 5 cm of the soil profile (weighted average). The control samples contained charcoal, which indicated that charcoal from previous fires laid in the areas surrounding the research field already had already been mixed into the soil material.
The slash-and-burn experiment also provided data on the charcoal budget of slash-and-burn in a temperate deciduous forest. The percentage of the biomass converted to charcoal C is 8.1%, that is 5200 kg ha −1 left on the forest floor (Eckmeier et al., 2007) . The incorporation of charcoal particles into the soil and their subsequent translocation was observed in thin-sections taken from different burning plots at the same experimental site. Mice had probably mixed charcoal particles lying on the forest floor with the uppermost part of the soil. Figure 1 indicates that earthworms had ingested charcoal particles <2 mm and distributed them in the soil profile. Figure 1a -b shows small charcoal particles incorporated into earthworm faecies lying on the soil surface. In samples taken 6.5 years after the fire (Fig. 1c-e) small charcoal particles in earthworm faecies were concentrated at a depth of 8 cm. Supporting evidence for the translocation of charcoal by soil fauna was provided by Topoliantz and Ponge (2003) and Topoliantz et al. (2006) , who reported, for tropical slashand-burn sites, that earthworms (Pontoscolex corethrurus) could ingest small charcoal particles, preferably mixed with humus, and who suggested a rapid incorporation of charcoal into the soil through earthworms. Thus, the increase in charcoal C in the 0-1 cm layer could be explained by mixing the charcoal particles in the litter layer with soil material, and the Biogeosciences, 4, [377] [378] [379] [380] [381] [382] [383] 2007 www.biogeosciences.net/4/377/2007/ E. Eckmeier et al.: Changes in soil carbon and charcoal one year after burning 381 decrease in the 2.5-5 cm layer by a translocation of charcoal into soil depths >5 cm. The inclusion of charcoal into soil aggregates would physically protect the charcoal from microbial decomposition (Skjemstad et al., 1996; Baldock and Smernik, 2002; Brodowski et al., 2006) , but not from translocation. However, larger particles (>2 mm) were found in soils that nevertheless had resisted decomposition over millennia even in biologically active topsoil horizons (Carcaillet, 2001) . We calculated the charcoal mass from the charcoal C concentration (see Table 2 ). When normalized to a depth of 0-5 cm, the charcoal mass reached 1300 mg kg −1 after one year. Few studies report the masses of soil charcoal and if they do, the masses are often derived from different profile depths. For example, Carnelli et al. (2004) found much less charcoal (up to 19.35 mg kg −1 ) in an alpine Podzol (10-30 cm depth), or an average of 6.18 mg kg −1 in soils below 2400 m a.s.l. Carcaillet and Talon (2001) reported charcoal masses of 102-863 mg kg −1 (800-1280 kg ha −1 ) in soils under temperate Fagus-Abies forests. The comparison of charcoal C concentrations to studies that investigated the black carbon content of soils is difficult, in consideration of the methodological differences (Schmidt et al., 2001) . Ansley et al. (2006) reported no change in soil black carbon concentrations even after three fires, whereas Czimczik et al. (2003) found that black carbon concentrations in soils could increase after fire by up to 40%. In this study, charcoal C increased by 21% in 0-1 cm depth one year after the fire.
Influence of burning on soil organic carbon concentrations
Soil organic carbon concentrations decreased with soil depth (p=0.000-0.002) in the three sample sets, with mean values between 53.9±1.9 (control) and 55.2±1.1 (b 1 yr) g kg −1 in 0-1 cm, and 31.0±1.1 (control) and 26.8±0.7 (b 1 yr) g kg −1 in 2.5-5 cm depth (Table 2 ). Compared to the control, SOC concentrations did not significantly increase, neither directly after the burning nor after one year. The SOC concentration increased after the fire (1.3 g kg −1 in 0-1 cm depth), but at the same time decreased in 2.5-5 cm depth, as did the charcoal C concentration. Only a small proportion of the increased SOC concentration could be contributed to charcoal C (8.7%). The proportion of charcoal C to SOC increased from 2.8% to 3.4% in one year for 0-1 cm, but did not change when normalized to 0-5 cm.
Changes in soil lightness
The soil was darkest in 0-1 cm depth (Table 2) , where it became darker not only directly after the burning but significantly within one year (p=0.009). For all depths and treatments, SOC, charcoal C concentrations and the soil lightness correlated well, the correlation being strongest between SOC concentrations and L* after one year (r=−0.94**). The cor- relation between soil lightness and charcoal C is exponential (Fig. 2) , which can be explained by the fact that the dark charcoal particles cover the surfaces of the mineral particles. A significant relationship between soil colour and SOC concentrations has been already described by Schulze et al. (1993) and Konen et al. (2003) . Spielvogel et al. (2004) observed that the aromatic C is mainly responsible for a dark soil colour, i.e. aryl C and L* correlated significantly (r=−0.87). These results are consistent with observations by Topoliantz et al. (2006) , who reported an increase in dark humus material in topsoils after slash-and-burn together with a decrease in visible charcoal in the same material.
Conclusions
We investigated the effects of experimental slash-and-burn in a temperate mixed deciduous forest on soil organic and charcoal carbon and soil lightness. The main results of this study are: (i) after one year only a few charcoal particles from the forest floor had been incorporated into the soil matrix by soil mixing animals such as mice and earthworms; the proportion of charcoal C to SOC concentrations increased from 2.8 to 3.4% at 0-1 cm depth. (ii) The SOC concentrations did not show any significant differences. (iii) Soil lightness significantly decreased in the topmost soil layer and correlated with charcoal C (r=−0.87**) and to the SOC concentrations (r=−0.94**) in samples from the 0-5 cm layer.
Our results imply that, one year after the fire, only small changes in soil charcoal carbon concentrations are detectable but a certain amount of charcoal is incorporated into the soil matrix and, over a longer time-scale, the amount of charcoal carbon stored in soils would increase.
Since little is known about prehistoric slash-and-burn techniques or burning conditions and because recent soil conditions might differ from those of several thousand years ago, implications for prehistoric times should be drawn carefully. Holocene fires in temperate deciduous forests (most were anthropogenic) could have increased soil charcoal storage, which affects pedogenesis and soil colour. Future research should combine the results of the field experiments with archaeological and palaeobotanical evidence to investigate the spatial and chronological dimensions of (pre-)historic slashand-burn and its effects on soil properties.
